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Introduction and Background 
This final report documents the results from our WMRC seed grant to develop a rapid, 
quantitative assay to measure the antioxidant capacity of chemical fractions of com distillate solids 
(CDS). CDS is the primary by-product of commercial com-based ethanol. We are searching for 
value-added products from the by-products of industrial com processing. 
In the United States fuel ethanol production has grown due to heightened oil prices and the 
increased regulations of the Clean Air Act demanding cleaner burning fuels. From a national security 
viewpoint, the production of ethanol from com has been encouraged as a renewable fuel to reduce 
our dependence upon fossil fuels from foreign nations. Ethanol production is currently the third 
largest market for U.S. com. In 2001 ethanol production reached 1.77 billion gallons (6.70xl09 L), 
a 20% increase from 1999. Illinois is the leading state in ethanol production with a current annual 
capacity of726 million gallons (2. 75x109 L) [Renewable Fuels Association 2002]. In 2001, over 700 
million bushels ( 1. 78 x1010 kg) of com was processed for ethanol production. By 2004, a projected 
3 .5 billion gallons ( 1.3 x1010 L) ofethanol will be produced with the phase out of methyl tertiary butyl 
ether (MTBE) as a gasoline additive. If ethanol totally replaces MTBE in the United States, it will 
create an annual market for an additional 2 billion gallons of ethanol which will require 740 million 
bushels of com. This added production will generate an additional 11 billion pounds (5.0xl09 kg) of 
CDS by-product annually. 
Oxidative stress is an imbalance 
between the generation of oxidants 
and the antioxidant defense systems 
of the body. Oxidants, or free radi-
cals, are molecules with one or 
more unpaired electrons and include 
reactive oxygen species (ROS). 
ROS products include the anion 
radical (02 -·), the peroxide anion 
(0/- ), singlet oxygen ('02) and the 
hydroxyl radical ("OH). These radi-
cals are formed from molecular 
oxygen (02) by the gain of elec-
trons, realignment of electron spin 
Adenine 
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4,6-Dlamino-5-
formamidopyrimidine 
2,6-Diamino-4-hydroxy-5-
formamidopyrimidine 
Figure 1 DNA damage induced by reactive oxygen species. The imidazole 
rings of adenine and guanine open following attack by hydroxyl ions (from 
Friedberg et al., 1995). 
or by the dismutation of peroxide (Parke, 1999). Reactive oxygen species occur internally by aerobic 
cellular metabolism or as a result of exposure to external factors such as ultraviolet or ionizing 
radiation and environmental pollutants. Free radicals damage DNA and other molecules and such 
damage is causally associated with mutagenesis, carcinogenesis and aging [Parke, 1999] (Figure 1 ). 
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Antioxidants are substances that delay or prevent oxidation of a substrate and help the body defend 
against free radicals. 
Objectives 
The primary objective of this seed grant research was to modify and calibrate the ferric 
thiocyanate (FTC) antioxidant procedure into a rapid assay that requires minute &mounts of individual 
chemical fractions. The specific aims of this research project were: 
• to modify the FTC assay as a microplate-based protocol to measure the autooxidation oflinoleic 
acid, 
• to determine if the microplate assay could be integrated with a microplate reader interfaced with 
a computer, 
• to calibrate the FTC microplate assay with known antioxidant standards, 
• to analyze CDS chemical fractions and determine their relative antioxidant potency. 
FTC Microplate Antioxidant Assay 
We enhanced the sensitivity and utility of the 
ferric thiocyanate (FTC) assay in order to rapidly 
analyze CDS chemical extracts for antioxidant 
activity [Muellner et al., 2003]. The FTC assay is 
based on the autooxidation of linoleic acid that 
abstracts an electron from an unsaturated bond 
[Osawa and Namiki, 1981]. The abstraction of an 
electron by the linoleic acid radicals causes the 
oxidation of Fe+2 -+ Fe+3 and leads to the genera-
tion of ferric thiocyanate which has an absorbance 
maximum at 471 nm (Figure 2). The endproduct, 
ferric thiocyanate, is an indicator of linoleic acid 
oxidation. After a literature review we found that 
(i) the traditional FTC assay was widely used in 
food and nutritional sciences, (ii) it was based on 
experimental designs that consumed large amounts 
of test sample in 5 - 10 ml volumes per reaction 
tube, (iii) most analyses measured absorbancy at 
500 nm, (iv) many of the published papers had 
experiments with zero or one replicate per concen-
tration of test agent and (v) 'no FTC microplate 
assay was published. 
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Figure 2 Spectrophotometric analysis offerricthiocyanate. 
The absorption maxima was 471 nm (Muellner et al., 
2003). 
At the onset of this project we generated a list of characteristics that an antioxidant assay must 
have to be suitable to evaluate large numbers of chemical fractions from CDS. These characteristics 
include that the assay: 
• measures the oxidation of a biologically relevant target molecule, 
• consumes a small amount of the test agent, 
• is relatively rapid and inexpensive, 
• is analytical with multiple replicates per test agent concentration, 
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• can transfer the data via a computer interface. 
Our novel method employed two micro-
plates; a reaction and a reactant microplate. 
A reaction microplate contained 5 mM 
linoleic acid, 20 mM phosphate buffer, a 
concentration range of CDS test samples 
and d.H20 to a total volume of 200 µl. The 
reaction microplate was incubated for 18 h 
at 40°C (Figure 3). A negative control 
(linoleic acid and buffer only) and a positive 
antioxidant control ( a-tocopherol) was 
included within each 96-well microplate. 
After the incubation of the reaction micro-
plate, a reactant microplate was prepared Figure 3 A reaction microplate in the FTC microplate antioxidant 
with each well containing a 5 µl aliquot assay. 
from the corresponding well in the reaction 
microplate, 185 µl dH20, 5 µ112% ammo-
nium thiocyanate and 5 µl 8 mM ferrous 
chloride in 3.5% HCl (Figure 4). At time 0 
the reactant plate was analyzed at 490 nm 
with a Bio-Rad microplate reader; this 
served as the blank for each individual well. 
After 15 min development at room tempera-
ture, the reactant n1.icroplate was analyzed 
at 490 nm with the microplate reader. The 
absorbancy data for the blank control and 
the reactant microplate after 15 min devel-
opment was transferred electronically to an 
attached computer. In addition a linoleic 
acid blank was conducted at the time of 
preparing the reaction microplate. A nega-
tive control linoleic acid sample was pre-
Figure 4 A reactant microplate in the FTC microplate antioxidant 
assay showing the results of the analysis ofbutylated hydroxyanisole 
in a concentration range ofO.l - 10 µM. 
pared and immediately analyzed with a reactant microplate well. This value represented the level of 
linoleic acid that was oxidized at the beginning of the experiment. This value was used as one of two 
blanks in the data analysis. 
The data were collected and analyzed in a series of steps. The first step was the direct transfer of 
the raw absorbancy data from the reactant microplate after 15 min of development as well as the time 
0 blank into a computer based spreadsheet. An example of the antioxidant standard butylated 
hydroxyanisole (BHA) is presented in Table 1. These data were then blank corrected using the linoleic 
acid blank and the microplate time 0 blank. The average blank-corrected absorbancy for the negative 
control was calculated. This value was then used to calculate a percent of the negative control value 
for each well within the reactant microplate. An example of this conversion for the antioxidant 
standard BHA is presented in Table 2. 
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Table 1 Absorbancy data at 490 nm for each well of a reactant microplate of the FTC mi crop late antioxidant assay for 
experiment 120802MR using the antioxidant standard butylated hydroxyanisole. The top table represents the A490 values after 
15 min of development and the bottom table represents the A490 values as the 0-time blank. 
--
--
Experirrent 120802MRD Dose-Response Vo.1th BHA RAW DATA 
--
0.415 0.464~ o.415 Q.454- o.486 . 0.438T o.353 0231-0.200 0.213 0.164 0.159 
0.478 I 0.474 0.462 0.499 0.467 0.426 0.328 0.268 0.195 0.179 0.179 0.156 
0.493 0.451 0.457 0.514 0.499 0.467 0.323 0.201 0.147 0.165 , 0.179 0.180 
0.460 0.523 0.543 0.601 0.512 0.449 0.351 0.310 0.169 0.217 0.163 0.156 
0.510 
-' - 0.505 0.516 0.488 0.492 ~7 0.282 0.239 0.159 0.120 , 0.164 0.152 
---~ ---~ -
0.489 I 0.517 0.522 0.501 0.511 0.438 0.301 0.191 0.148 0.148 0.191 0.165 
0.552 0.552 0.556 0.428 0.575 0.481 0.336 0.230 0.269 0.140 0.188 0.156 
0.536 0.573 0.549 0.428 0.538 0.457 0.365 0.357 0.218 0.167 0.174 0.154 
: 
Exoerirrent 120802MRD Dose-Response BHA Blank 
0.039 0.041 0.044 0.046 0.043 0.047 0.066 0.050 0.066 0.072 0.059 0.057 
O.~ I 0.037 0.037 0.052 0.040 0.037 0.051 0.043 0.061 0.059 0.060 0.053 
- ~---· --· ·- --
0.046 0.038 0.033 0.039 0.036 0.037 0.046 0.044 0.041 0.054 , 0.066 0.055 
0.044 I 0.041 0.043 0.051 0.048 0.041 0.046 0.051 0.047 0.080 ' 0.053 0.053 
0.047 0.040 0.038 0.046 0.038 0.038 0.057 0,046 0.048 0.035 ' 0.058 0.050 
0.044 I 0.041 0.045 0.046 0.035 0.038 0.046 0.038 0.038 0.044 0.071 0.048 
0.052 I 0.044 0.047 0.043 0.045 0.041 ----9.:.Q?~ 0.054 0.075 0.037 , 0.066 0.047 ~- -
-
-
0.045 I 0.037 0.0371 0.043 0.042 0.037 0.061 0.056 0.059 0.052 0.061 0.051 
Table 2. Absorbancy data at 490 nm of the reactant wells of the FTC microplate'antioxidant assay after correction. These data 
were from experiment l 20802MR using the antioxidant standard butylated hydroxyanisole. The top table represents the A490 
values after the linoleic acid blank-correction and the 0-time blank correction. The bottom table represents the conversion of 
the data of each well into a percent of the negative control value. 
Exoeriment 120802MRD Dose-Response w/ BHA Blank Corrected LO Blank Corrected 
Neg Cnti 0.1 0.2 0.3 0.5 0.75 1 2 3 5 7.5 10 uM 
0.376 0.353 0.301 i 0.338 0.373 0.321 0.217 0.111 0.064 0.071 0.035 0.032 
0.434 0.367 0.3551 0.377 0.357 0.319 0.207 0.155 0.064 0.050 0.049 0.033 
f--
- -
1---
000 0.447 0.343 0.354 0.405 0.393 0.360 0.207 0.087 0.036 0.043 0.055 
0.416 0.412 0.430 1 0.480 0.394 0.338 0.235 0.189 0.052 0.067 0.040 0.033 
0.463 0.395 0.408 ! 0.372 0.384 0.319 0.155 0.123 0.041 , O.Q15 0.036 0.032 
0.445 0.406 0.407 0.385 0.406 0.330 0.185 0.083 0.040 0.034 0.050 0.047 
0.500 0.438 0.439 0.315 0.460 0.370 0.211 0.106 0.124. 0.033 0.052 0.039 
0.491 
. -
0.466 0.442 0.3_!5 - 0.426 0.350 0.234 0.231 
-
0.089 0.045 0.043 0.033 
0.447 average 
t---
-
- - --
. . 
Exoeriment 120802MRD Dose-Response w/ BHA % Concurrent Neg. CNTl 
Neg Cnti 0.1 0.2 0.3 0.5 0.75 1 2 3 5 7.5 10 uM 
84.1 
-~ 
79.0 
_§! _3, __ 75~ ~ ~ -~ 48.5 24.8 14.3 15.9 7.8 7.2 
97.1 82.1 79.4 84.3, ' 79.9 71 .4 46.3 34.7 14.3 11.2 11.0 7.4 
- ' 100.0 76.7 79.2 90.6 87.9 80.5 46.3 19.5 8.1 9.2 9.6 12.3 
93.1 92.2 96.2 1 107.4 88.1 75.6 52.6 42.3 11.6 15.0 8.9 7.4 
103.6 88.4 91 .3 83.2 85.9 71.4 34.7 27.5 9.2 3.4 8.1 7.2 
99.6 90.8 91 .1 ' 86.1 90.8 73.8 41 .4 18.6 8.9 7.6 11.2 10.5 I 
111 .9 98.0 98.21 70.5 102.9 82.8 47.2 23.7 27.7 7.4 11.6 8.7 
109.8 104.3 98.9 , 70.5 95.3 78.3 52.3 51.7 19.9 10.1 9.6 7.4 
99.8881 I 88.9261 87.696 83.529 89.290 75.6991 46.1691 30.341 14.262 9.955 9.732 8.501 IAveraqe 
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Figure 5 Concentration-response curves for the antioxidant 
standards butylated hydroxyanisole (BHA), butylated 
hydroxytoluene (BH1) and a-tocopherol. 
We used the antioxidant standards 
butylated hydroxyanisole (BHA), butylated 
hydroxytoluene (BHT) and a-tocopherol 
(vitamin E) to refine and calibrate the FTC 
microplate assay. The antioxidant potency 
was calculated by determining the concen-
tration of the agent that repressed the oxida-
tion of linoleic acid by 50%. This value -
the Isa value - was determined by regres-
sion analysis of the concentration-response 
curve of merged repeated experiments. In 
general, a minimum of 16 replicate wells per 
concentration of each antioxidant standard 
were analyzed. The Isa values for BHA, 
BHT and a-tocopherol were 1.42, 2.67 and 
15.69 µM, respectively. Figure 5 illustrates 
the calibration of the FTC microplate anti-
oxidant assay with these standard synthetic 
and natural antioxidants. These standards 
are important in that the antioxidant potency 
of new CDS-derived antioxidants can be 
compared directly with them. 
~------------------------~ 
We dissolved two by-
products from commercial 
agricultural processing of 
com or soybean in dimethyl-
sulfoxide (DMSO) and ana-
lyzed them with the FTC 
microplate assay. CDS and 
PCC (an ethanol extract of 
soybean molasses) were di-
luted in F 12 medium and 
analyzed over a wide con-
centration range. The con-
centrations of the complex 
mixtures, CDS and PCC are 
expressed as µg/ml and the 
concentrations of the antiox-
idant standards were con-
verted into µg/ml values. 
Figure 6 presents the results 
of the antioxidant activity of 
these commercial agronomic 
0 BHA 150 = 0.27 µg/ml 
0 BHT 150 = 0.59 µg/ml 
() a-TOC 150 = 4.31 µg/ml 
• CDS 150 = 7.41 µg/ml 
A PCC 150 = 97.04 µg/ml 
o '----~ ~"----'-ol~~tl__-"'-......... ~"1-~~~L<L.._~~~_u.J....___J 
0.01 0.1 1 10 100 1000 
Concentration (µg/ml) 
Figure 6 Concentration-response curves illustrating the antioxidant activity ofcom CDS 
and soybean PCC and comparing each with the 150 values forthe antioxidant standards 
BHA, BHT and a-tocopherol. 
by-products. The Isa values for the antioxidant standards BHA, BHT, and a-tocopherol were 0.27, 
5 
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0.59, and 4.31 µg/ml, respectively. CDS expressed a high level pf antioxidant activity with an 150 = 
7.41 µg/ml. This corn ethanol by-product is approximately half as effective as vitamin E. The soybean 
PCC fraction had an 150 value of 97.04 µg/ml. Thus CDS was over 13 x more effective as an 
antioxidant than PCC. 
CDS was dissolved in methanol and fractionated 
using a C18 reverse phase chromatography column. 
The column was sequentially eluted with different 
concentrations of methanol. Chemical fractions 
were collected at 0, 20, 30, 40, 50, 60 80, and 100 
percent methanol elutions. Each fraction was 
vacuum evaporated and dissolved in DMSO over-
night. Each CDS fraction was tested for antioxidant 
activity. One fraction, CDS60 expressed a very 
potent antioxidant activity. At concentrations of 10 
µg/ml, CDS60 prevented the oxidation of linoleic 
acid. This is approximately the same level of antiox-
idant protection as BHT. CDS60 appears to be a 
more potent antioxidant than cx-tocopherol. It is 
important to note that fraction CDS60 is a complex 
mixture. A series of CDS fractions were analyzed 
using thin layer chromatography (TLC). A TLC 
plate developed with 13% methanol and 87% 
methylene chloride was used to separate a series of 
CDS fractions. The fractionation of CDS60 is 
presented in Figure 7. 
Conclusions 
We achieved the objectives of this research 
project and developed, refined and calibrated a FTC 
microplate-based antioxidant assay. We calibrated 
the assay using BHA, BHT and cx-tocopherol as 
antioxidant standards. The complex mixtures CDS 
and PCC were analyzed and CDS expressed strong 
antioxidant activity. CDS was eluted from a C18 
column and each fraction was isolated and concen-
trated. Fraction CDS60 expressed potent antioxi-
dant activity. 
Future Studies 
} 
I f 
d?d/. "1.111 'for. U& ?.at too' ''°'° r f4.-
Figure 7 A thin layer chromatograph of isolated CDS 
fractions. Fraction CDS60 is indicated by the red arrow. 
1LC plate prepared by Dr. Berhow, USDA, Peoria, IL. 
We will conduct additional chemical separation of the positive antioxidant fractions of CDS. Each 
antioxidant fraction will be analyzed for their biological activity by measuring the chemoprotection 
conferred to mammalian cells by repressing H20 2-induced cytotoxicity and genotoxicity. Individual 
CDS-derived antioxidant chemicals will be structurally identified by LC mass spectroscopy and 
6 
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nuclear magnetic resonance spectroscopy. Finally we hope to determine the biological mechanisms 
of these antioxidants using gene array experiments. 
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